Study Objectives: Light exposure, particularly blue light, is being recognized as a potent mean to stimulate alertness and cognition in young individuals. Aging is associated with changes in alertness regulation and cognition. Whether the effect of light on cognitive brain function changes with aging is unknown, however. Design: Cross-sectional study. Setting: Functional Neuroimaging Unit, University of Montreal Geriatric Institute. Participants: Sixteen younger (23 ± 4.1 y) and 14 older (61 ± 4.5 y) healthy participants were recruited in the current study. Intervention: Blue light administration. Measurements: We used functional magnetic resonance imaging to record brain responses to an auditory working memory task in young and older healthy individuals, alternatively maintained in darkness or exposed to blue light. Results: Results show that the older brain remains capable of showing sustained responses to light in several brain areas. However, compared to young individuals, the effect of blue light is decreased in the pulvinar, amygdala, and tegmentum as well as in the insular, prefrontal, and occipital cortices in elderly individuals.
INTRODUCTION
Light is crucial not only for image formation but also for the regulation of many circadian, neuroendocrine, and neurobehavioral functions. 1, 2 Among these non-imageforming functions, exposure to light leads to direct improvement of alertness and cognition. This positive effect of light is greater using blue wavelength light, [3] [4] [5] presumably because of the involvement of intrinsically photosensitive retinal ganglion cells (ipRGC) expressing the photopigment melanopsin, and which are maximally sensitive to blue wavelength (460-480 nm), and project broadly to the brain. 6 Neuroimaging studies showed that light affects brain responses to auditory cognitive tasks in young individuals. Their results suggested that the effect of light on non-image-forming cognitive brain functions is mediated by subcortical areas involved in the regulation of alertness, including the pulvinar, hypothalamus, and brainstem, before reaching cortical areas involved in the ongoing cognitive processes. 7 The effect of light on brain responses was greater using blue monochromatic light [7] [8] [9] suggesting an involvement of melanopsin-based photoreception.
AGING REDUCES THE STIMULATING EFFECT OF BLUE LIGHT ON COGNITIVE BRAIN FUNCTIONS
Healthy aging is accompanied by a decline in cognitive abilities and several approaches focusing on physical activity, nutritional aspects, or cognitive training have been validated "to aging cognitively well," or at least better. [10] [11] [12] Increasing ambient light level for 1 w has been reported to improve cognitive impairment among elderly demented patients. 13 However, whether exposure to light could be used as an additional means of helping cognition in older healthy individuals, still remains unknown. Some studies suggest that aging is associated with a reduction in non-image-forming responses to light, but this notion remains open to debate. [14] [15] [16] [17] [18] [19] [20] At the cellular and molecular levels in rodents, aging is accompanied by a decrease in the number of ipRGCs, which seem to decrease light input to their targets. 21 Modifications were also reported in gene regulating circadian functions and in neuronal signaling and temporal organization of structures important for mediating the effect of light on non-image-forming functions, such as the suprachiasmatic nucleus, site of the master circadian clock. 22, 23 Importantly, whether the non-image-forming effect of light on cognition and cognitive brain responses changes in healthy aging has not yet been investigated. Here, we used functional magnetic resonance imaging (fMRI) to compare the effects of blue light on cognitive brain responses between young and older participants. We hypothesized that, compared to young patients, older participants would show a reduced effect of light on brain responses during a cognitive task.
Participants followed a regular sleep schedule 7 days prior to the experiment. Compliance was verified using wrist actigraphy (Actiwatch-L; MiniMitter/Respironics, Bend, OR) and sleep diaries. Sleep timing and duration estimated with actigraphy data are reported in Table 1 . Volunteers were requested to refrain from consumption of caffeine beverages after their habitual morning coffee/tea on the experimental day (two cups maximum) and from alcohol-containing beverages 24 h before the experiment. At the time of the experiment, participants arrived at the laboratory 1 h before their habitual bedtime and were maintained in dim light (< 5 lux) for 2 h. Pupil constriction was not pharmacologically inhibited. Participants practiced the two-back task again for 8 min (training 2), 30 min before entering the magnetic resonance scanner 1 h after their usual bedtime. During the fMRI acquisitions (~30 min), participants performed a total of 28 45-sec blocks of the auditory two-back tasks, seven blocks in complete darkness and 21 blocks while being exposed to monochromatic blue light (480 nm; full width at half maximum -FWHM: 10 nm). Blue light irradiance was pseudorandomly set at low (7 × 10 12 photons/cm 2 /s), medium (3 × 10 13 ph/cm 2 /s), and high (10 14 ph/cm 2 /s) levels. Each condition (i.e., darkness, low blue, medium blue, high blue) was presented seven times and their order was counterbalanced across participants within each group (except that high blue was never presented as the first condition to prevent head motion). Task blocks were separated by 20-to 30-sec periods of rest in darkness. No feedback was given on performance. Subjective sleepiness scores, using the Karolinska Sleepiness Scale (KSS), 31 were collected every 30 min during the 2-h preparatory period and at the end of the fMRI session. The experimental protocol is illustrated in Figure 1 .
Two-Back Task
The auditory two-back task requires auditory processing, attention, storing, comparing, and updating information in working memory. Contrary to the three-back version of the task, which is particularly difficult for elderly individuals, it is reliably executed by most individuals, and does not depend on visual input. 32 Stimuli consisted of nine French monosyllabic and phonologically different consonants. Stimuli were 500 ms long and the interstimulus interval was 2000 ms. For each consonant, volunteers were required to state whether or not it was identical to the letter presented two items earlier, by pressing buttons on a magnetic resonance compatible keypad. Series of stimuli were constructed with 30% positive answers and 18 consonants were presented in each task block. Stimuli were produced using COGENT 2000 (http://www.vislab. ucl.ac.uk/Cogent/) implemented in MATLAB (Mathworks Inc., MA) and were transmitted to the participants using MR CONTROL amplifier and headphones (MR Confon, Germany). fMRI acquisitions were preceded by a short session during which volunteers set volume of stimuli to ensure optimal auditory perception (Table 1) .
Light Exposure
Light was produced by a computer-controlled quartz halogen white light source (PL950, Dolan-Jenner, Boxborough, MA, USA). An optic fiber (Dolan-Jenner) carried light to diffusers to ensure that subjects' eyes were uniformly illuminated. Diffusers consisted of translucent diffusing glass mounted on a protection glass frame. Blue monochromatic light was produced with narrow band-pass filters (Edmund Optics Inc., Barrington, NJ, USA). Irradiance could not be measured directly in the magnet, but the light source was calibrated (PM100D, Thorlabs, Newton, NJ, USA) prior to the experiment. The total amount of blue light received during the experiment was well below the blue-light hazard threshold.
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Behavioral Data Analysis
Task performance (accuracy, reaction time) during the two training sessions was compared between the two age groups using t-tests. Two-way mixed design analyses of variance (ANOVAs) with age group (young and older) as the independent factor and light condition (darkness, low, medium, high) as the four-level repeated measures were carried out to analyze task performance (accuracy, reaction time). Two-way mixed design ANOVAs were also performed to analyze subjective sleepiness scores (age group as the independent factor and time as the five-level repeated measures). All behavioral analyses were computed with Matlab 7.10 and SPSS 17.0 (IBM SPSS Statistics, Chicago, IL).
fMRI Data Acquisitions
fMRI time series were acquired using a 3 T magnetic resonance scanner (TIM-Trio, Siemens, Erlangen, Germany). Multislice T2*-weighted fMRI images were obtained with a gradient echo-planar sequence (EPI) (32 axial fMRI Data Analyses fMRI data were preprocessed and analyzed using Statistical Parametric Mapping (SPM8 -http://www.fil.ion.ucl.ac.uk/ spm). Functional data were realigned and coregistered to the structural image. This structural image was then segmented using the "New Segment" SPM8 toolbox and normalized using Dartel 34 (which includes smoothing -8-mm FWHM gaussian kernel), a state-of-the art SPM8 analytic toolbox, which created an average brain template of all participants, i.e., a brain that is at the "center" of our population and therefore halfway between our younger and older brains, before normalizing in the Montreal Neurological Institute (MNI) space. This approach reduces morphological differences between older and younger individuals. 35 Data were analyzed using a standard general linear model approach. Statistical analysis was conducted in two serial steps accounting for individual-level fixed effects and group-level random effects. Boxcar functions convolved with a canonical hemodynamic response function modeled task blocks. A first regressor included all 28 task blocks, irrespective of the light condition. A second regressor included only the 21 task blocks performed under light exposure, irrespective of irradiance level to track brain responses triggered by the presence of light. A parametric modulation was added to this second regressor to track any linear change of response amplitude related to irradiance level. This design separates the brain responses to the task independent of light (i.e., common to all task blocks) from the brain responses to the task only found under blue light exposure or in relation to irradiance change. This ensures that any group differences in the brain responses to the task irrespective of light are not contaminated by group differences in brain responses to the task under blue light exposure. Stick functions convolved with a canonical hemodynamic response function modeled light-on and light-off separately. The light-on and light-off regressors, together with the regressors derived from the realignment of functional volumes, were considered as covariates of no interest. High-pass filtering was implemented in the design matrix using a cutoff period of 256 sec to remove low frequency drifts from the time series. Serial correlations in the fMRI signal were estimated using an autoregressive (order 1) plus white noise model and a restricted maximum likelihood algorithm.
At the individual level, contrasts of interest consisted of (1) the main effect of the task (using the first regressor); (2) the effect of the presence of light (using the second regressor); and (3) the effect of irradiance change when light was on (using the parametric modulation of the second regressor). The summary statistic images resulting from these contrasts were entered into a second population-level analysis. This second level analyses consisted of one sample t-test, in each population separately and on all participants irrespective of age group, and two sample t-test, on independent measures with unequal variance to identify differences between groups. To isolate effects of light or of irradiance changes that were commonly significant in both age groups, null hypothesis conjunctions were computed. Maps of the t-statistics were thresholded at P uncorrected = 0.001. Corrections for multiple comparisons (family wise error approach) were computed on the entire brain volume or on small spherical volumes around a priori locations of activation (10-mm radius; regions of interest [ROI]; see references in Table S1 and in  Tables 2 and 3 for coordinates used), which were expected in structures involved in the n-back tasks and working memory, arousal regulation, and salience detection or involved in non-image-forming effect of light in previous research. Brain areas to which the melanopsin-expressing ipRGCs project or are functionally linked to the suprachiasmatic nucleus (SCN) were also considered as a priori locations of activation.
Because we found group differences in the brainstem, which is composed mainly of ascending and descending tracks (white matter), we constructed a map of the gray matter voxel in our populations to warrant that this brainstem difference was located in a brainstem area mainly composed of neuron cell bodies. Individual gray matter maps issued from the segmentation step of our analyses were merged into a gray matter mask for which a voxel was considered as part of the gray matter in our sample if it was present in at least 75% of our participants.
This procedure was computed across all participants together and in each group separately. Results of our contrasts of interest were then masked by these gray matter masks (significant results found in the brainstem were located within the gray matter masks of all subjects or of each age group separately-see footnote c in Table 2 ).
In order to fully describe our results, we performed an additional correction for the number of ROI used to compute the correction for multiple comparisons. For each contrast of interest, we constructed a mask which included all ROI to take into account the number, size, shape, and location of all ROI at once and assessed which results survived correction for multiple comparisons over the entire mask. Outcomes from this additional procedure are reported in footnote b in Tables 2 and 3 .
Finally, because lens opacification, pupil size, and subjective sleepiness scores significantly differed between younger and older individuals (Table 1) , we investigated whether these differences were related to the differences between age groups in response to light or to irradiance changes. We used SPM8 to compute regression analyses across all participants (i.e., irrespective of age group) between responses to light or responses to change in light irradiance and lens opacification scores, dark adapted pupil size, or subjective sleepiness scores collected just prior to the scanning session. Results of these regressions, thresholded at a very liberal level (P < 0.05 uncorrected), were used to mask out from our contrasts of interest any age-related differences that would only be related, even slightly, to differences in lens opacification, pupil size and subjective sleepiness scores (i.e., results of our contrasts of interest were exclusively masked by results of each regression separately thresholded at P < 0.05 uncorrected for multiple comparisons).
RESULTS
Behavior
Accuracy during training was > 80% in all participants. Accuracy was significantly higher in younger than in older individuals (P = 0.01) and in training 2 (P = 0.01) than in training 1 (P = 0.02; see supplemental material, Figure S1A ). Reaction time (ms) did not differ significantly between age groups but improved from training 1 to training 2 (P < 0.001). In the fMRI scanner, however, for accuracy, there was no significant main effect of age (F (1, 28) = 0.107, P = 0.75) or light condition (F (3,84) = 1.39, P = 0.25), and no significant age × light condition interaction (F (3,84) = 1.07, P = 0.37) (see supplemental material, Figure S1C ). For reaction time (ms) of correct responses (see supplemental material, Figure S1D ), results were similar: no significant effects of light condition (F (3,84) = 1.69, P = 0.18), age group (F (1, 28) = 0.01, P = 0.91), or interaction (F (3, 84) = 0.73, P = 0.54) were found. Those results likely reflect a ceiling effect on performance in both groups, following extensive training. 36, 37 Behavioral results ensure that fMRI results were not significantly biased by differences in task performance.
Sleepiness scores significantly increased during the evening, and older participants reported lower sleepiness scores than the younger participants (time effect: F (4,112) = 5.8, P < 0.001; age group effects: F (4,112) = 5.6, P = 0.03) (see supplemental material, Figure S1B ). No significant interaction between age groups and testing time was found (F (4,112) = 1.24; P = 0.3). Lighting Up the Aging Brain-Daneault et al Figure 2 . P values are corrected for multiple comparisons over the entire brain volume (familywise error approach) except for a which were corrected for multiple comparisons over small volume of interest taken a priori based on the literature (see Materials and Methods section). References: literature in which a priori locations were found to compute correction for multiple comparisons over small volume. All results survived the use of an exclusive masks (P < 0.05 uncorrected) constituted by the results of the regression analyses was between lens opacification, pupil size, or subjective sleepiness scores and the functional MRI brain responses under blue light. L, left; M, median; R, right. Results that survived correction for the number of regions of interest considered (P < 0.05) to correct for multiple comparisons over a small spherical volume, indicating a stronger effect in these regions as compared to other regions. This region lays within a gray matter mask, constituted based on our sample (see Materials and Methods), ensuring that the activation in the young individuals and the difference in activation between age groups was located within a brainstem area constituted mainly of neuron cell bodies.
Brain Responses to the Auditory Two-Back Task
Analyses of the brain responses to the task irrespective of light condition and age group revealed the pattern of activations typically observed with an n-back task, with frontoparietal recruitment (in green on supplemental material, Figure S2 ; Table S1 ). 32 There was no higher brain response in younger than in older individuals whereas, in accordance with the literature, 37, 38 older participants showed stronger activations in several brain areas compared with younger participants (in pink on Figure S2 ; Table S1 ). This is likely to refl ect that older individuals needed more neural resources to reach similar performance than younger individuals.
Decrease of Brain Responses to Light with Aging
We investigated which brain areas showed sustained responses to the presence of light while performing the auditory task, independently of irradiance level. We fi rst focused on young participants alone before considering commonalities and differences between age groups.
In younger individuals, light triggered multiple sustained responses (Table 2; Figure 2a -l, yellow) that were found in (1) a dorsal part of the thalamus compatible with the pulvinar; (2) the dorsomedian thalamus; (3) an area of the thalamus compatible with the lateral geniculate nucleus (LGN); (4) the amygdala; (5) the insula; and (6) in the cerebellum. At the neocortical level, activations were found in (1) an area laying between the frontopolar cortex (FPC) and ventrolateral prefrontal cortex (VLPFC); (2) the frontal operculum; and (3) extensively in the occipital cortex, i.e. the calcarine sulcus and lingual gyrus, as well as in a large area comprising the middle and superior occipital gyrus (MOG/SOG).
Older participants presented signifi cant responses in a reduced set of areas (Table 2 ; Figure 2a-d, red) including a LGN-compatible region, the lingual gyrus, and the calcarine Table 2 for names of the brain regions corresponding to the letters and abbreviations. *P < 0.05 corrected for multiple comparisons over small volumes of interest; # signifi cant group differences P < 0.05 corrected for multiple comparisons over small volumes of interest. sulcus as well as the SOG. A conjunction analyses showed that all these significant responses to light in older individuals were common to both age groups (Table 2 ; Figure 2a-d) .
A two-sample t-test revealed that most of the brain responses to the presence of light observed in younger but not in older individuals were significantly different between age groups (Table 2; Figure 2f -l, blue). Lower responses to light were observed in older compared to younger individuals in the pulvinar-compatible areas, in the dorsomedian thalamus, left amygdala, insula, cerebellum, and right frontal operculum. Importantly, agerelated changes in the thalamus and right frontal operculum even survived correction for the number of ROI used in the analyses. Reduced responses to light were also detected in older compared to younger individuals in an area of the tegmentum compatible with the ventral tegmental area (VTA), located within a part of the brainstem mainly composed of neuron cell bodies (in the brainstem gray matter). None of the responses to light were higher in older than in younger individuals.
Activity estimates in all these regions are displayed in Figure 2 and confirm that the areas identified by the conjunction analyses responded to light in both age groups ( Figure 2 , graphs a-d). In the FPC/VLPFC (Figure 2 , graph e), activity estimates appear different between age groups but these differences are not statistically significant. Finally, activity estimates also confirmed that the areas identified by the two-sample t-test responded more to light in younger than in older individuals (Figure 2 , graphs f-l), including in the tegmentum, despite the fact that response in that area did not reach statistical significance in young individuals alone.
The Effect of Irradiance Changes Decreases with Aging
We then sought for sustained brain responses that were modulated by changes in the irradiance of light exposure. In younger participants, light irradiance increment significantly increased brain responses bilaterally in the FPC/VLPFC, close to the FPC/VLPFC location affected by the presence of light reported in the preceding section. Irradiance effect was also found extensively in the cerebellum and in the occipital cortex, in an area encompassing the areas responding to light independently of irradiance change, i.e. the calcarine sulcus and the large bilateral occipital region encompassing the inferior (IOG), middle (MOG), and superior (SOG) occipital gyri (Table 3 ; Figure 3a-e, yellow) .
In older participants, irradiance increment increased activity in the calcarine sulcus and in the IOG/MOG/SOG (Table 3 ; Figure 3a -b, red). Conjunction analyses indicated that these bilateral occipital effects were common to both age groups (Table 3) . Activity estimates in the calcarine sulcus, and in the occipital region encompassing the IOG, MOG, and SOG showed that irradiance increment was associated with enhanced brain responses. A schematic representation of the linear association between irradiance level and brain responses in the occipital regions of both age groups is displayed in Figure 3k -l.
A two-sample t-test showed that the effect of irradiance on FPC/VLPFC and cerebellar activity identified in younger but not in older individuals was significantly different between age groups. In addition, the effect of irradiance differed between the two age groups in specific areas of IOG, MOG, and SOG distinct from those commonly affected by irradiance (Figure 3 , in blue). Importantly, age-related differences in the cerebellum and occipital cortex survived correction for the number of ROI used in the analyses. Activity estimates for all these areas confirmed that irradiance increment triggered a significant increase in brain responses in younger participants but not in older individuals. We found no increases in brain responses, triggered by irradiance increment, that were higher in older than in younger individuals and in any other parts of the brain.
A schematic representation of the linear increase of brain activation with irradiant increment in the younger individuals is displayed in Figure 3m-o (right panel) . Older individuals are not represented because linear association between irradiance change and brain responses was not significant. Figure 4 gathers group differences in brain responses to (1) the task irrespective of the light condition (pink), (2) blue light irrespective of irradiance (blue), and (3) irradiance level (yellow). This display highlights that in the pulvinar, insula, and prefrontal cortex, older individuals showed lower brain responses to blue light and to irradiance levels in close vicinity from where they showed stronger brain responses to the task.
Age-Related Differences in Pupil Size, Lens Opacification, and Subjective Sleepiness Do Not Explain Age Group Differences in Brain Responses to Light
Lens opacification and pupil size, measured after 15 min of dark adaptation, were significantly higher and smaller, respectively, in older compared to younger participants (as seen in Table 1 and reported in Daneault et al. 15 ). These differences reduce the amount of light reaching the retina and could affect the effect of light on brain activity. Consequently, we computed regression analyses between fMRI brain responses under light presence or in relation to light irradiance and lens opacification or pupil size. We then used the results of these regressions to assess whether the results of our contrasts of interest were related, even slightly, to differences in lens opacification or pupil size using a masking procedure (exclusive mask liberally thresholded at P < 0.05 uncorrected; see Materials and Methods). This procedure had no effect on the results of our contrasts of interest. Likewise, as subjective sleepiness was significantly higher in young participants, another regression analyses was performed between subjective sleepiness scores obtained just before the fMRI recording and the fMRI brain responses under blue light and in relation to light irradiance. Using an identical stringent masking procedure, again we found that the results of our contrasts of interest were not related, even slightly, to differences in subjective sleepiness.
DISCUSSION
In this study, we used fMRI to investigate whether the stimulating effect of light on task-related brain responses differed between young and older participants. Our results indicate that the older brain remains capable of showing sustained responses to light in several brain areas including the LGN, lingual gyrus, calcarine sulcus, and SOG. The results further demonstrate that the effect of light on brain responses is lower in older participants in several brain areas. Age-related reduced responses to the presence of light were found in the pulvinar, dorsomedial thalamus, insula, amygdala, frontal operculum, and cerebellum loci as well as in a VTA-compatible area of the tegmentum. Our results also Lighting Up the Aging Brain-Daneault et al Figure 3 . P values corrected for multiple comparisons over the entire brain volume (familywise error approach) except for a which were corrected for multiple comparisons over small volume of interest taken a priori based on the literature (see method). References: literature in which a priori locations were found to compute correction for multiple comparisons over small volume. All results survived the use of an exclusive masks (P < 0.05 uncorrected) constituted by the result of the regression analyses was between lens opacification, pupil size, or subjective sleepiness scores and the functional MRI brain responses in relation to light irradiance. L, left; M, median; R, right.
b Results that survived correction for the number of regions of interest considered (P < 0.05) to correct for multiple comparisons over a small spherical volume, indicating a stronger effect in these regions as compared to other regions.
indicate that the older brain is still able to respond to changes in light irradiance in the calcarine sulcus and inferior, middle, and superior occipital gyri (IOG/MOG/SOG). The effect of light irradiance increment was reduced in older compared to young individuals in other brain areas, including the prefrontal cortex, the cerebellum, and other specific areas of the IOG, MOG, and SOG.
Importantly, age-related differences in responses to light were not biased by differences in task performance. Furthermore, regression analyses indicated that lower responses to light in older participants cannot be significantly explained by a single factor, such as reduced pupil size, lower subjective sleepiness, or higher lens opacification. Age-related differences as to the effects of light on brain responses are likely to arise from the combination of multiple factors. In addition, morphological differences between healthy older and younger individuals may have contributed in part to the differences observed in brain responses. However, the use of the Dartel toolbox during preprocessing (see Materials and Methods) reduced their effect. Morphological differences are a typical limitation of neuroimaging studies on aging but their relationship with changes in brain activations is still unclear as positive, negative, or no correlations have been reported. Table  3 for names of the brain regions corresponding to the letters and abbreviations. *P < 0.05 corrected for multiple comparisons over small volumes of interest; #significant group differences P < 0.05 corrected for multiple comparisons over small volumes of interest. 
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We previously reported that, despite having a smaller pupil size, older individuals were equally able to constrict the pupil in response to light than younger individuals; i.e., we found no age-related difference in light-induced relative decrease in pupil size. 15 We now report that, in the same sample of participants, the older brain is less responsive to light than the younger brain, when engaged in a cognitive task. Our results therefore support the notion that aging affects differently various non-imageforming functions. 41 This may explain in part conflicting results reported in previous studies on the effect of aging on non-image-forming effects of light.
Older participants showed lower responses to light in the pulvinar. The pulvinar acts as an interface between alertness and cognition regulation, 42 and plays an active role in attention regulation. 43 In our previous studies, this thalamic region was repeatedly involved in the stimulating effect of light on cognitive brain responses in younger individuals. 9, 44 The alerting or attentional effect of light could indeed be initiated by a facilitation or stimulation of information flow within thalamocortical loops, either directly in the thalamus or indirectly through other subcortical structures, such as the locus coeruleus or hypothalamus. 44 Our results point to an age-related reduction in the ability of light to stimulate alertness and attention through the pulvinar.
Interestingly, the age-related reduction in responses to light in a VTA-compatible area raises the intriguing possibility that the dopaminergic system is involved in age-related changes in the stimulating effect of light on brain responses. The VTA is an important source of dopamine in the brain, and is crucial both for the regulation of sleep and alertness and for cognition and mood. 45 In fact, the VTA is connected with nuclei of the ascending arousing system, including the raphe nuclei secreting serotonin, and sends projections to the SCN. 46 In addition, dopamine dysfunction is thought to play an important role in the cognitive decline found in healthy aging. 47 Dopamine is also closely related to the effects of light and studies have suggested that dopamine modulates ipRGCs responses to light in the rat retina. 48 Finally, light exposure seems to have a positive effect on sleep and mood in Parkinson disease, which is directly related to dopamine dysfunction. 49 Our results indicate that relative to younger individuals, light in older participants stimulates less in the dorsomedial thalamus, VTA, amygdala, as well as the insula and cerebellum. All of these areas are crucial elements of a brain network reported to mediate salience detection, 50 a process that influences alertness, attention, and executive functions. Several of these areas, including the cerebellum, insula, and thalamus, are also involved in working memory 51 and are affected by light exposure while performing an auditory task.
9,52 Furthermore, we found a lower effect of light in older compared to younger individuals in the frontal operculum, which is involved in executive processes. 50 Finally, the bilateral FPC/VLPFC was affected by light in younger individuals only, whereas it was significantly less affected by light irradiance increment in older individuals as compared to younger individuals. The FPC/ VLPFC is considered to be at the top of the executive control hierarchy and is involved in complex cognitive processes. 53 We reported several times a stimulating effect of light in this area in young individuals, 52, 54 including during sleep loss when alertness and cognition are compromized. 9 An age-related decrease in the effect of light within a network mediating salience detection has important implications for alertness and cognition, whereas a decrease in the effect of light on responses of several areas involved in working memory and cognitive control, and particularly within the FPC/VLPFC, could reflect a reduced ability of light to help cognitive performance in aging.
To achieve optimal recording conditions, we aimed (1) to eliminate behavioral performance differences between age groups through extensive task training, and (2) to improve sensitivity of our fMRI approach with the use of short-duration light exposures (< 1 min), which are too brief to significantly affect performance. An effect of light on cognitive performance was detected after 30 min of light exposure in young participants using similar light irradiance and at a similar times of day as in the current study, [3] [4] [5] suggesting that the brain responses to light during a cognitive task precede and trigger behavioral changes. 44 We assume, therefore, that the differences in brain responses we observed will lead to performance differences. Future studies using prolonged light exposure will determine, however, how the decrease in brain responses to light translates into a reduction in the ability of light to improve or maintain performance in aging.
Older individuals had to recruit additional brain areas to achieve the same performances as younger individuals on the working memory task in the magnetic resonance scanner. We previously reported that the effect of light on cognitive brain responses was reduced following sleep deprivation in young individuals who were already recruiting additional brain areas to perform the task during sleep loss. 9 These results showed that the stimulating effect of light reduces when the brain is already compensating for a challenging condition, suggesting that the ability of light to improve cognitive brain function is diminished. A direct comparison of the differences between age groups in the brain responses to the task and in the effect of light (Figure 4) suggests that some of the brain areas, more likely to be recruited by older individuals to perform the task such as the insula, the pulvinar, and the prefrontal cortex, lay in close vicinity to those less affected by light. It is therefore possible that part of the reduction in the stimulating effect of light in some brain areas is due to the fact that, in older individuals, these brain areas are already recruited at an optimal/ maximal level to perform the task.
We chose to administer only blue light in our protocol so that different irradiance levels could be included, but we did not include other (longer) wavelengths. We are therefore limited in the interpretation of the respective involvement of the classic visual and the non-image-forming photoreception systems in the observed brain responses. We detected responses that were sustained for the duration of the exposure, which characterizes the non-image-forming response to light. We also used irradiance levels compatible with ipRGC recruitment, even when considering age-related reduction in lens transmittance. 55, 56 Therefore, it is plausible that, in addition to rods and cones, melanopsin-expressing ipRGCs and the non-image-forming photoreception system contribute to the effects we reported.
Our findings provide the first indications that the effect of light on cognition may be reduced in healthy aging and identify potential neurobiological bases of this decline. The regions involved include the thalamus, tegmentum, and prefrontal cortex, as well as a network of areas reported to mediate salience detection. This age-related reduction in light effect was detected during the first part of the night, after the so-called "wake-maintenance zone." 57 Additional data are necessary to corroborate these results because age-related differences in specific brain areas did not survive correction for multiple ROI used in the analyses. Future research should also assess how age-related differences are evolving in other circadian phases and under different sleep pressure conditions because the effect of light on cognitive brain responses has been shown to depend on timeof-day and sleep pressure. 9 It will also be of great interest to investigate the responses to light of the aging brain during tasks aiming at other neuropsychological abilities, and in elderly populations with cognitive impairment. Our results show that even if the older brain shows a diminished response in comparison with a younger brain, it is still able to provide an increased activation when exposed to blue light during a cognitive task. We expect that future studies will demonstrate cognitive benefits of customizing the lighting environment of the elderly. Table S1 for names of the brain regions corresponding to the letters and abbreviations. O, older individuals;Y, younger individuals. * Significant group differences P < 0.05 corrected for multiple comparisons. Higher brain responses to the auditory two-back task in younger versus older participants
SUPPLEMENTAL MATERIAL
No signicant voxels
Letters following the name of brain areas correspond to the identifying letters in Figure S2 . P values are corrected for multiple comparisons over the entire brain volume (Familywise error approach) except for * which were corrected for multiple comparisons over small volume of interest taken a priori based on the literature (see Materials and Methods section). References: literature in which a priori locations were found to compute correction for multiple comparisons over small volume. L,left; R, right.
